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ABSTRACT: In recent times, as a result of its exceptional resistance to moisture and 
heat, cesium lead bromide (CsPbBr3) was established as a potential high-performance 
perovskite material for optoelectronics, which is inclusive of photodetectors and 
photovoltaics. It has been demonstrated that perovskite single crystal has major benefits 
over its thin-film equivalents; nevertheless, the preparation of perovskite crystal arrays 
for the utilisation of extensive integration is a challenging task. In this paper, we 
consider a simple crystallisation system, being a capillary-written system to enable the 
growth of single crystal microribbon arrays (MRAs) directly from a precursor solution. 
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2It is demonstrated by microstructure characterisation that CsPbBr3 MRAs are good-
quality single crystals with highly-aligned crystal packing and smooth surfaces. The 
band-edge photoluminescence (PL) is exceptionally resilient and has a lengthy PL life 
of ∼62 ns. An exceptional photo-response having a particularly 99 μs quick response 
time and a 2496 A W-1 ultra-high responsivity is exhibited by photodetectors which are 
built upon these MRAs. The fact that as-fabricated photodetectors maintain 90% of 
their commencing performance following 100 days of constant stress testing in ambient 
conditions under an illumination of 450 nm, showing exceptional operational stability, 
is noteworthy. A significant step towards the large-area growth of high-quality 
perovskite MRAs is presented by this work. This supplies favourable opportunities to 
build high-performance optoelectronic and nanophotonic systems.
In recent times, as a result of their exceptional optoelectronic attributes, hybrid 
organic-inorganic lead halide perovskites have displayed considerable potential 
applications in photodetectors (PDs), lasers and light-emitting diodes and also 
particularly in solar cells.1–7 Single crystals, as well as polycrystalline films are utilised 
in order to construct perovskite photodetectors.8–11 Benefits greater than those of 
polycrystalline are shown by the optoelectronic attributes of single crystals which are 
connected with lifetimes, carrier mobilities and single crystals’ defect tolerance.12–16 
These draw global awareness on single-crystal photodetectors which were perovskite-
based.17–20 The usage of hybrid lead halide perovskites as long-term devices under light, 
heat or moisture is seriously restricted by their instabilities.21 Several different 
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3strategies are suggested to address this instability such as additive engineering, crystal 
engineering, interface engineering and composition engineering, and most encouraging 
one is the replacement of organic compounds with inorganic ones.22–28 Noteworthy 
attributes are displayed by all-inorganic perovskite CsPbBr3. These include narrow 
emission line width, direct optical band gap, high luminescence, high quantum yields 
and large optical absorption across the visible spectra band.29,30 Massive possible 
applications in the areas of photodetection, solar cells, lasers and LEDs are enabled by 
these attributes.31–34 Despite the fact that solution-based systems have realised several 
CsPbBr3 nanostructures; for example, nanowires, nanoplates and quantum dots, there 
are few system which has the capacity to attain large-area scale growth of highly-
ordered CsPbBr3 nanostructure arrays together with horizontal alignment upon 
surfaces, which is particularly advantageous in future integrated devices, is reported.35–
41 
In this paper, the application of a capillary-written system achieves a successful 
crystal growth of highly-aligned CsPbBr3 perovskite microribbon arrays is reported. 
The excellent quality single-crystalline attributes of the achieved microribbons are 
portrayed by the microstructure characterisations. This was presented to a greater extent 
by the strong band-edge photoluminescence having a long PL lifetime. A responsivity 
of 2496 A W-1 and a particularly rapid response of 99 μs were attained by high-
performance photodetectors on the basis of as-prepared MRAs (Table 1).42–52 It is 
worthy of mention that following 100 days of constant stress testing in ambient 
conditions under an illumination of 450nm, as-prepared photodetectors remain 90% of 
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4their starting performance, which clearly shows its high-quality operational stability. A 
significant step towards preparation of well-aligned perovskite nanostructures is 
attained by this study with regard to usage in on-chip integrated photonics systems and 
high-density optoelectronic devices.
A representational diagram of a directly written system which applies a hollow 
rectangular capillary for the purpose of attaining CsPbBr3 MRAs is depicted in Figure 
1a. Capillary forces hold a precursor solution with an equimolar ratio of CsBr:PbBr2 
(1:1) within dimethyl sulfoxide (DMSO) in the capillary. As a result of its general 
greater solubility restriction for the precursors, we chose DMSO as a solvent rather than 
N,N-dimethylformamide (DMF). In order to mould an “L” shape, the capillary is bent 
at 1cm to enable the maintenance of a gravity feed at consistent pressure, which relates 
to the height of the vertical part. A computer-controlled linear translation stage is used 
to mount a substrate. This stage includes a thermoelectric module to achieve 
temperature control. We achieve film deposition by permitting a solution microdroplet 
to the end of the capillary in order to make contact with the surface and subsequently 
to translate the substrate at a controlled rate of 0.02 mm s-1. Following the evaporation 
of the solvent on the hotplate for 15 minutes at 80 °C, it is annealed for further three 
minutes at 120 °C. This results in the formation of highly-aligned single-crystal 
microribbon arrays as depicted in atomic force microscope (AFM) images in Figure 
1b. Nanoscale AFM (Figure S1) indicates the uniform morphology of individual 
micro-ribbon. The average width of (58 ± 9) nm and thickness of (5.6 ± 0.8) μm is 
obtained based on the examination of 50 individual micro-ribbons. 
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5As shown in Figure 1c and d, the rotated crystals extinguish simultaneously as 
single crystals between crossed polarizers, which is the supporting evidence for the 
single-crystallinity nature and long-range ordering of as-prepared MRAs. High-
magnification scanning electron microscope (SEM) images (Figures 1e) of one 
individual micro-ribbon further demonstrate the ultrasmooth surface of as-grown MRs, 
with well-defined crystal edge. 
In order to be certain that the MRAs’ crystal structure conformed to the anticipated 
room-temperature orthorhombic phase CsPbBr3, the said structure was quantified. 
Strong diffraction peaks are depicted by the CsPbBr3 X-ray diffraction (XRD) pattern. 
All diffraction peaks can be indexed to orthorhombic phase CsPbBr3, and no other 
impurity peaks were observed. (Figure 1f). There is additional indication by the distinct 
splitting of the narrow 101 and 020 peaks that the as-grown CsPbBr3 comprises the 
room-temperature orthorhombic phase. We obtain additional awareness of the crystal 
structure through the transmission electron microscope (TEM) of separate crystal 
together with its relative selected area electron diffraction (SAED) patterns (Figure 
1g). The fact that the micro-ribbons are single crystalline is verified by the SAED 
pattern as depicted in Figure 1g (inset). Diffraction spots corresponding to the zone 
axes of [202] and [002] of orthorhombic phase CsPbBr3 were indexed in the SAED 
pattern. Therefore, based on the analysis of the AFM images, polarized optical images, 
SEM images, the XRD pattern, and the TEM-SAED pattern, we conclude that single-
crystalline CsPbBr3 microribbon arrays have been obtained.  
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6The photoluminescence spectra and optical absorption of CsPbBr3 single crystal 
MRAs are shown in Figure 2a. With the position of the absorption edge being 559nm, 
we calculated the energy band gap (Eg) to be 2.19 eV, less than its thin-film equivalent, 
whose energy band gap is 2.32 eV.53 It is implied by the lower Eg value that single 
crystal is more appropriate than polycrystalline film when it is used as a photodetector. 
We identified the PL peak centred at 558 nm from the PL spectrum having an excitation 
of 443 nm. Furthermore, it was implied that the near-edge defect levels were associated 
with the surface states which occupied a function in the emission procedure since the 
PL emission width ranged from 510 to 590 nm.54 A biexponential profile was fitted to 
the PL decay curve, which indicated a long PL lifetime of τ1 = 6.9 and τ2 = 62.4 ns as 
depicted in Figure 2b. The high-quality optical abilities of the highly-aligned 
perovskite MRAs are shown by the aforementioned optical attributes which are of 
assistance in realising high-performance optoelectronic devices.
 The photodetector devices were fabricated on the basis of MRAs having gold (50 
nm) as source and drain electrodes in order to examine the photoelectronic attributes of 
the CsPbBr3 MRAs. Figure 3a illustrates the representational diagram of the as-
fabricated device. It is depicted in Figure 3b that we measured the current-voltage (I-
V) curves of the device in darkness and under 450 nm illumination of various power 
intensities. The photocurrent is proportional to the illumination intensity and the drain 
voltage. We calculated photoresponsivity (R) and gain (G), which are significant 
photodetector parameters by using equations (1) and (2), 51,55–57 
𝑅 =  𝐼𝑙𝑖𝑔ℎ𝑡 ― 𝐼𝑑𝑎𝑟𝑘𝑃𝑆     (1)
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7G = 𝐼𝑙𝑖𝑔ℎ𝑡 ― 𝐼𝑑𝑎𝑟𝑘 𝑒𝑃𝑆
ℎ𝑣
  (2)
where Ilight is the current under illumination, Idark is the dark current, P is the incident 
power density and S is the effective area, hν is the energy of an incident photon and e 
is electronic charge. The gain of the device and its illumination power-dependent 
responsivity are depicted in Figure 3c which shows a high gain of 6.9 × 103 and a high 
responsivity of 2.5 × 103 A W-1 at a bias voltage of 3 V under just 0.01 mW cm-2 
illumination. This indicates the photodetectors’ high sensitivity. As shown in Figure 
3d, the gain and responsivity are plotted as a function of the bias. The important 
improvement in the performance by increasing the drain voltage is demonstrated by the 
detector. Furthermore, Figure S2 in the supporting information, depicts the 
wavelength-dependent responsivity, thereby showing the broadband high photo-
response ranging from UV to the visible area.
With regard to a photodetector’s optoelectronic applications, a rapid response to 
optical signals is crucial. The time-dependent response of photodetectors, where the 
laser is on and off at a 3V fixed voltage, is depicted in Figure 3e. The “on” and “off” 
states keep the identical current level for many cycles under the illumination of the 
identical power density. This shows the exceptional stability and reversibility of 
CsPbBr3 MRA photodetectors. Moreover, it is shown by analysis of a photo-response 
process comprising of both reset and rising process that both times are close to 100 μs 
(Figure 3f). As depicted in Table 1, all of these values are among highest for all-
inorganic perovskite PDs.42–52 
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8In our study, the perovskite microribbon devices not only showed good 
performances but also an exceptionally high stability as a result of their all-inorganic 
composition. Figure 4a indicates that when the PDs were stored in a high-temperature 
environment (80 ℃, 40% ~ 50% R.H.) or under nitrogen atmosphere, there was no 
evident performance degeneration. Furthermore, it is worthy of mention that, under 
constant illumination of 450nm, the PDs offer good-quality stability and, after 1000 
hours, maintain over 95% of their initial performance. Moreover, Figure 4b 
demonstrated the negligible reduction of the photocurrent following constant 
illumination of 450 nm for a period of 100 days. This further shows our device’s good 
stability. 
To summarise, we applied a capillary-written system which led to a successful 
preparation of highly-aligned CsPbBr3 perovskite microribbon arrays. We 
demonstrated as-grown MRAs as excellent quality single crystals which have well-
adjusted crystal packing as well as smooth surfaces. The photodetectors which are built 
upon these MRAs show an exceptional photo response at a very rapid response of 99 
μs and an ultra-high responsivity of 2496 A W-1. It is worthy of mention that as-
fabricated photodetectors, after 100 days of constant stress testing, keep more than 90% 
of the starting performance when tested under ambient conditions under 450 nm 
illumination. This offers exceptional operational stability, which shows a novel 
practical advantage for a greatly aligned perovskite nanostructures. In this system, we 
can advance significant application in optoelectronic systems and chip-scale integrated 
photonics.
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9Figure 1 (a) A representational diagram of the preparation of CsPbBr3 single-
crystalline microribbon arrays by means of a hollow capillary writing system; (b) An 
AFM image of CsPbBr3 single-crystalline MRAs; Optical images of CsPbBr3 single-
crystalline MRAs under crossed polarizers of (c) 33° and (d) 75°, respectively; (e) An 
SEM image of individual CsPbBr3 microribbon; (f) An XRD pattern of as-grown 
CsPbBr3 single crystals as well as the XRD patterns of orthorhombic and cubic 
CsPbBr3; (g) TEM image and (inset) associate electron diffraction pattern of a CsPbBr3 
single-crystalline microribbon.
(a)
(b) (c)
(f)(e)
(d)
(g)
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10
Figure 2 (a) Absorption atrributes of the CsPbBr3 microribbonarrays. Insets show the 
Tauc plot (lower inset) and the steady-state PL data (upper inset); (b) Time-resolved 
PL (λexc = 443 nm) spectrum of CsPbBr3 microribbon arrays.
(a) (b)
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11
Figure 3 (a) A representational diagram of the as-fabricated device; (b) I-V curves of 
the device in darkness and below 450 nm illumination of various intensities; (c) 
Responsivity and gain vs light intensity plotted at a 3 V bias; (d) Gain and responsivity 
as a function of the bias voltage (irradiance 0.01 mW cm-2); (e) Time-resolved response 
of the device in darkness and in light illumination; (f) Photodetector ON and OFF times.
(a) (b)
(c) (d)
(e) (f)
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12
Figure 4 (a) Time course of the change of the normalised responsivity of as-prepared 
photodetectors under various storage conditions. (b) I-V attributes of as-prepared 
photodetectors under various irradiance prior to and subsequent to 100 days’ light 
soaking under constant 450 nm illumination. 
 
(a) (b)
Page 12 of 21Nanoscale
N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
08
 Ja
nu
ar
y 
20
19
. D
ow
nl
oa
de
d 
by
 Q
ue
en
 M
ary
, U
niv
ers
ity
 of
 L
on
do
n o
n 1
/13
/20
19
 5:
07
:49
 PM
. 
View Article Online
DOI: 10.1039/C8NR08890J
13
Table 1 Comparison of the device performance of all-inorganic perovskite PDs 
reported.
Photodetector R[A W-1]
tON
[ms]
tOFF
[ms] Stability Ref.
CsPbBr3 microparticles 0.18 1.8 1.0 > 2 month 42
CsPbBr3 nanosheets 0.25 0.019 0.025 > 12 h 43
CsPbBr3 thin films 55 0.43 0.32 44
CsPbBr3 nanowires 1 × 103 0.02 0.02 45
CsPbI3 nanowires 0.0067 292 234 46
CsPbBr3 nanosheets 31.1 0.016 0.38 47
CsPbBr3 nanoplatelets 34 0.6 0.9 48
CsPbBr3 bulk crystals 0.028 0.23 0.06 49
CsPbBr3 microcrystals 6 × 104 0.5 1.6 50
CsPbBr3 nanowires 4.4 × 103 0.252 0.3 51
CsPbI3 nanorods 2.92 × 103 0.05 0.15 > 1 week 52
CsPbBr3 microribbon 2.496 × 103 0.099 0.144 > 100 days Present Work
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